Glycolytic flux in white muscle can be increased several-hundredfold by exercise. Phosphofructokinase (PFK; EC 2.7.1.11) is a key regulatory enzyme of glycolysis, but how its activity in muscle is controlled is not fully understood. In order not to neglect integrative aspects of metabolic regulation, we have studied in frogs (Rana temporaria) a physiological form of muscle work (swimming) that can be triggered like a reflex. We analysed swimming to fatigue in well rested frogs, recovery from exercise, and repeated exercise after 2 h of recovery. At various times, gastrocnemius muscles were tested for glycolytic intermediates and effectors of PFK. All metabolites responded similarly to the two periods of exercise, with the notable exception of fructose 2,6-bisphosphate (F2,6P2), which we proved to be a most potent activator of frog muscle PFK. The first bout of exercise triggered a more than 10-fold increase in F2,6P2; PFK activity and the content of F2,6P2 in muscle were well correlated. F2,6P2 decreased to pre-exercise levels in fatigued frogs and it virtually disappeared during recovery. Varying by a factor of 70, F2,6P2 was the most dynamic of all metabolites in muscle. Even more surprisingly, F2,6P2 did not respond at all to a second bout of exercise. Other activators of PFK, such as Pi, AMP and ADP, are increased as a consequence of ~ _ _ _ _~ Key words: exercise, frog gastrocnemius, fructose 2,6-bisphosphate, metabolic integration. 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. Abbreviations used: F6P, fructose 6-phosphate; FI ,6P2, fructose I .6-bisphosphate; F2,6P2, fructose 2,6-bisphosphate; PCr, phosphocreatine; PFK, phosphofructokinase; PFK-UFBPase-2, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, 'To whom correspondence should be addressed (e-mail gwegener@maiI.uni-mainzde).
Introduction
Locomotion is the most conspicuous physiological activity of animals and humans. It requires skeletal muscles to transform chemical into mechanical energy. Working muscles are subjected to more strain and stress than any other organ system, yet maintain their structural and metabolic integrity when they go from rest to heavy work. A case in point is vertebrate white muscle, which is specialized for a 'fight or flight' type of activity, i.e. relatively short periods of heavy work which soon cause fatigue. During bouts of activity, ATP turnover in muscle may increase several-hundredfold. The regulatory mechanisms that maintain metabolic homoeostasis of muscle cells, despite large variations in metabolic rate, have been studied intensively over several decades, and much progress has been made in this field (reviewed in [l-31) . However, it is still not fully understood how relatively small changes in the concentrations of substrates, intermediates and metabolic effectors bring about the massive changes in metabolic rate required for muscle function [2, 4] .
We will focus on the control of glycolysis in vertebrate white muscle, and especially address phosphofructokinase (PFK; EC 2.7.1.1 l), a key regulatory element of this pathway. White muscle has a poor capillary network and contains relatively few mitochondria, and thus substrates and oxygen provided via the circulation can support muscle metabolism only during rest and very light exercise. During heavy work, A T P is regenerated from substrates that are stored in the muscle and can yield A T P anaerobically, i.e. phosphocreatine (PCr) and glycogen. T h e mobilization of glycogen and muscle work are co-ordinated by the nervous system through an increase in cytosolic Ca2+, triggering both contraction and the phosphorylation of glycogen phosphorylase into an active form [S-71. Phosphorylase in muscle can also be stimulated by adrenaline [8, 9] . No such direct coupling of an extracellular signal and P F K activity has been established in skeletal muscle. How muscular work and glycolytic flux are coordinated is not fully understood. We will discuss the evidence for hormonal or neuronal effects on
PFK activity (see below).
Much of what is known about the physiology and metabolism of muscle stems from work on isolated muscle, especially isolated frog muscle, which has been the physiologist's favoured preparation for most of the last century (for reviews and references, see [ 1,101). Frog muscle can easily be prepared and kept viable in vitro for many hours. Experiments with isolated muscles are well defined and yield clear-cut results, but do not address integrative aspects of metabolism, since the muscle is cut off from nerves and hormones.
More recently, much use has been made of the non-invasive and non-disruptive methods of N M R spectroscopy. Thus major metabolites (such as PCr, ATP and Pi) have been observed in working muscle in intact animals or humans [ll-141. T h e limitations of NMR are: (a) its relative insensitivity, which precludes detection of compounds that are present in micromolar concentrations, and (b) the necessity to restrain or narcotize experimental animals in the magnet, which can interfere with their metabolism.
We wanted to study muscle metabolism in intact and otherwise undisturbed animals under well defined experimental conditions of rest and natural exercise. T o this end we have chosen the common frog (Rana temporaria) as an experimental animal, the gastrocnemius as a well defined leg muscle and swimming as a physiological form of exercise. We have followed changes in substrates, intermediates and effectors of glycolysis during exercise, post-exercise recovery and repeated exercise using biochemical methods. Some of our results are compiled in Figure 1 and we compare these with data gathered using other methods and other experimental systems.
The swimming frog: a model for studying muscle metabolism A major problem in studying muscle metabolism is analysis of the physiological resting state, as this requires the animals to be maintained at rest without restraining or narcotizing them. T h e common frog is an appropriate experimental animal for this purpose, in the sense of " T h e August Krogh principle: for many problems there is an animal on which it can be most conveniently studied" [15] . Frogs tend to sit motionless for hours and to keep quiet when they are carefully taken up and immersed in a stream of water, which then triggers, like a reflex, vigorous activity in the form of swimming [16,17]. The frog gastrocnemius muscle consists mainly of fast-twitch fibres of type I I b (glycolytic), with little myoglobin and relatively few mitochondria. As a predominantly white muscle, the gastrocnemius has a poor capillary circulation, so that during strenuous work, perfusion is sufficient neither for the provision of substrates and oxygen nor for the disposal of metabolic products. Creatine from PCr degradation is not lost from the muscle, and glycolytic intermediates are phosphorylated and hence confined to the cytosol. T h e glycolytic endproduct lactate is exported only slowly from amphibian muscle [18, 19] . Hence the gastrocnemius in the swimming frog, although fully integrated in the body with respect to neuronal and hormonal signals, can be regarded as an almost closed metabolic system, and can be studied conveniently.
Control of glycolysis and PFK activity in white skeletal muscle
Metabolic events during muscle work have been studied in various white muscles of animals and humans using biochemical methods, NMR spectroscopy or a combination of the two [ 1,3,9,11,13,17,21,22]. The results obtained are very similar, indicating that similar mechanisms are involved. In resting skeletal muscle, A T P turnover is very low, so that the circulation provides sufficient substrates for A T P regeneration, which can be partially aerobic. This is not the case during heavy exercise. Contraction triggers a dramatic increase in A T P turnover. For instance, in non-stimulated frog sartorius muscle, ATP turnover has been estimated to be approx. frogs were decapitated and the legs were swiftly freeze-clamped. Some frogs, fatigued by 5 min of swimming, were allowed t o recover for various intervals of between I0 min and 2 h (Recovery). Some of the frogs that had recovered for 2 h were again induced t o swim for 10, 30 or 60 s (Exercise 2). . g muscle-' ; this can increase more than 1000-fold during maximal tetanic stimulation [20] . Similarly high ATP turnover has also been observed in the gastrocnemius muscle of swimming frogs (see below). Nevertheless, the ATP content in working muscle is not noticeably decreased until fatigue sets in (Figure 1) . In the initial phase of exercise, ATP is immediately replenished from PCr by creatine kinase. The creatine kinase reaction in white muscle is reversible [23, 24] , i.e. the direction and rate depend only on the concentrations of the reactants, with no regulatory mechanism required. PCr can support maximum work for only a few seconds, during which glycolytic ATP production must be activated in order to maintain muscle contraction. Glycolytic enzymes in white 0 2002 Biochemical Society muscle have high maximum activities. Some catalyse reactions in which the reactants are kept far removed from equilibrium. These enzymes, such as PFK, must be inhibited in resting muscle and activated at the onset of work. That PFK is activated in working muscle is undisputed, but the magnitude of the factor is not known, because PFK activity in resting muscle is hard to assess (see below).
In the first 5 s of swimming, ATP turnover in frog muscle has been reported to be close to 1200 nmol * s-l . g-', and ATP was regenerated predominantly at the expense of PCr. Between 5 and 10 s of swimming, approx. 50 % of ATP was derived from anaerobic glycolysis from glycogen (approx. 600 nmol of ATP . s-' g-'), while subsequently glycolysis exceeded PCr as a source of A T P [17]. We do not know exactly to what extent glycolysis and P F K are stimulated, because in resting muscle aerobic A T P synthesis (probably utilizing other substrates in addition or as an alternative to glucose) could suppress P F K activity (see below). On the other hand, it is not known whether P F K (together with fructose-1,6-bisphosphatase) is active in a substrate cycle between fructose 6-phosphate (F6P) and fructose 1,6-bisphosphate (F1,6P2) in non-exercising muscle.
T h e control of P F K activity is based on allosteric inhibition by physiological concentrations of its substrate ATP, which lowers the affinity for the second substrate, so that physiological concentrations of F 6 P are not sufficient for P F K activity. This inhibition by A T P is reinforced by H' (signalling tissue acidification by anaerobic glycolysis) and citrate (signalling availability of substrate for the Krebs cycle and aerobic A T P production). P F K can be activated (deinhibited) by positive effectors. Some of these activators are related directly to the turnover of ATP, so that their concentration is increased in working muscle. This applies to P,, ADP and AMP, which are part of an intracellular feedback mechanism by which increased A T P turnover is signalled to P F K [3, 24] . However, it has been questioned repeatedly whether such feedback mechanisms are sufficient to bring about the rapid and massive increase in P F K activity in contracting muscle [2, 4] .
T h e hexose bisphosphates F1 ,6P2, glucose 1,6-bisphosphate and fructose 2,6-bisphosphate (F2,6P2) are further candidates, because they activate P F K in vitro, but their roles in wivo are controversial. F1,6P2 has been excluded as a physiological activator of muscle PFK, since rather high concentrations are required and the activating effect is virtually eliminated by physiological concentrations of citrate [22, 25] . In fact, rather than activating P F K in wiwo, F1,6P2 may lower P F K activity in muscle by competing with F2,6P2 for the same binding site on the enzyme [ 25,261.
Glucose 1,6-bisphosphate is a cofactor of the phosphoglucomutase reaction and a byproduct of P F K activity in mammalian muscle [27] . T h e compound has been suggested as an activator of muscle PFK, but its physiological relevance is disputed [22] . F2,6P2 is most interesting, because it is not an intermediate of any metabolic pathway, but a metabolic signal and a most potent activator of Effect of F2,6f2 on the activity of PFK purified from frog muscle At physiological pH (7.2) and near-physiological concentrations of its substrates F6P (0.1 mM) and ATP (7.5 mM), PFK i s strongly activated by F2,6P2, but the effect is modulated by nearphysiological concentrations of other effectors, such as P,, AMP and citrate. F2,6P2 has little effect in the absence of other activaton, but acts synergistically with P, and especially AMP. Citrate induces co-operativity with respect t o F2,6P2, so PFK reacts with high sensitivity to changes in [F2,6PJ in the physiological concentration range. V, , , (activity under optimum assay conditions at pH 7.2) was 6.57 p o l * min-I . m1-I. For details, see [22] . frog muscle P F K under near-physiological assay conditions (Figure 2 ). It is produced and degraded by a specific enzyme system, and its only known functions are those of an activator of P F K and an inhibitor of the gluconeogenetic enzyme fructose 1,6-bisphosphatase. Moreover, in some organs, including invertebrate skeletal muscle, hormones or neuromodulators affect F2,6P2 in a way that suggests that F2,6P2 is involved in mechanisms by which muscle metabolism is integrated in the metabolism of the whole body (for a review, see [28] ). If this holds good, one would anticipate that F2,6P2 would respond very sensitively to stress and other interference with experimental systems.
F2,6P2 and PFK activity in skeletal muscle
F2,6P2 was discovered in 1980 in rat liver [29] , and its function in directing glucose metabolism in that organ is well established. F2,6P2 was subsequently found in all organs and cell types of eukaryotes, including the skeletal muscle of vertebrates and invertebrates (for a review, see [30] ). In locust flight muscle, which operates fully aerobically, the level of F2,6P2 is high at the start of a flight, when carbohydrate is a major fuel for flight, but declines by 80% within 15 min [14, 31] . This decline has been interpreted as part of a mechanism to inhibit glycolysis in order to spare carbohydrate when locusts switch to fat oxidation during extended flight. In the leg muscle of well rested frogs the F2,6P2 concentration is very low, but increases rapidly after 1 s of exercise ([16] ; see also Figure 1 ). F2,6P2 content and PFK activity in exercising muscle follow similar time courses, suggesting that F2,6P2 is involved in activating muscle PFK. This hypothesis is supported by the fact that, in a sequence of rest, exercise to fatigue and post-exercise recovery, the content of F2,6P2 changes by a factor of 70. It is hence the most dynamic of all metabolites and effectors of glycolysis in muscle that can be measured biochemically. However, the relationship of F2,6P2 and muscle glycolysis appears to be complex as, most surprisingly, F2,6P2 in muscle did not respond at all to repeated exercise, although most parameters in the muscle had returned to their pre-exercise values after 2 h of recovery (Figure 1) . In fact, the F2,6P2 system in frog muscle requires approx. 12 h for full recovery after 5 min of swimming (G. Wegener and U. Krause, unpublished work). There can be no doubt that glycolysis, and hence PFK, in working muscle can be activated without the involvement of F2,6P2. However, glycolytic flux was slightly lower during repeated exercise than during the first bout of exercise and this was partially compensated for by an increased rate of PCr breakdown and earlier degradation of ATP (see Figure 1 and [17] ). Obviously, different means for the activation of PFK can be recruited in frog muscle, depending on the physiological state and previous exercising of the animal. The molecular mechanisms underlying this phenomenon of a 'metabolic memory' have remained elusive (see below). Physiologically, activation of PFK in the absence of F2,6P2 can be interpreted as a last resort in an emergency.
No agreement has yet been reached as to the physiological functions of F2,6P2 in skeletal muscle of mammals. In the gastrocnemius muscle of narcotized rats, electrical stimulation at low frequency caused the F2,6P2 level to increase 2-fold, but during tetanus its content did not correlate with lactate production [32] . Adrenaline increased F2,6P2 in perfused rat leg muscle [33, 34] . More recently, Pette and co-workers [35] have shown a very rapid and transient increase (4-fold within 1 s) in F2,6P2 in contracting fasttwitch rabbit muscle. It seems important to mention that the maximum concentrations of F2,6P2 in frog and mammalian muscle are similar, whereas muscles of rested frogs have lower F2,6P2 levels than mammalian control muscles. These observations suggest that the F2,6P2 system in skeletal muscle is affected by the physiological state of the animal, i.e. by signals from outside the muscle cells, such as hormones, neurotransmitters or neuromodulators.
Control of F2,6P2 in skeletal muscle
F2,6P2 is synthesized by 6-phosphofructo-2-kinase (PFK-2) and is degraded to F6P by fructose-2,6-bisphosphatase (FBPase-2). These two enzyme activities are located on a single protein, making PFK-2/FBPase-2 a bifunctional enzyme. Purification of PFK-2/FBPase-2 from frog leg muscle yielded a preparation containing a minor liver-type (L) isoenzyme and a dominant muscle-type (M) isoenzyme. The M-enzyme was phosphorylated neither by protein kinase A (in contrast with the L-enzyme) nor by protein kinase C and a Ca2+/calmodulin-dependent protein kinase [36] . M-and L-type isoenzymes are also present in mammalian muscle, and they originate from the same gene as a result of alternative splicing. Denervation of fast-twitch muscle or chronic low-frequency stimulation were both shown to increase F2,6P2 content in muscle, and to increase the L-type and M-type isoenzymes respectively ([37] and references therein). Although both treatments are unphysiological, they indicate that extramuscular signals have long-term effects on the F2,6P2 system in muscle.
The frog muscle PFK-2/FBPase-2 is more a kinase than a phosphatase (in contrast with the rat muscle enzyme), and its regulatory and kinetic properties are compatible with the increase in F2,6P2 early in the first bout of exercise. The decrease in F2,6P2 later in this bout of exercise and the unresponsiveness in repeated exercise, however, cannot be explained by the known properties of the enzyme. PFK-2/FBPase-2 in frog muscle must have regulatory properties that are yet to be discovered. The strikingly different responses in the first and second bouts of exercise especially, despite the seemingly similar cellular milieu, call for a potent mechanism of control that can override the various effectors that bring about the activation of PFK-2 (and possibly the inhibition of FBPase-2) in frog muscle in the first bout of exercise. What kind of mechanism could be responsible? Possibilities include the following : (1) interconversion, e.g. by an unidentified protein kinase; (2) binding to cellular structures that are altered during strenuous exercise; and (3) changes in extracellular signals or in their receptors in muscle. Neurosecretory endings have been described in the vicinity of frog skeletal muscle [38] . Their function is unknown. Similar structures have also been shown in insects (for a review, see [28]). In locusts, an intriguing neuronal control of F2,6P2 has been reported. F2,6P2 in flight muscle is increased by the injection of octopamine, a hydroxyphenolic analogue of noradrenaline, which functions as a neuromodulator in insect muscles [39] . Flight muscles contain octopaminergic nerves, and it has been shown that these nerves are inhibited during flight when F2,6P2 in flight muscle is decreased [40] . This is thought to inhibit glycolysis when the locust changes to fat oxidation in order to spare carbohydrate reserves during prolonged flight.
In mammalian muscle, neuropeptides that could act as neuronal messengers on skeletal muscle have been discovered, but little is known with regard to their effect on the F2,6P2 system. However, the calcitonin-gene-related peptide, a neuropeptide of 37 amino acids that seems to coexist with acetylcholine in the rodent neuromuscular junction [41] , has recently been shown to increase both F2,6P2 content and lactate production in incubated rat white muscle (G. Wegener, U. Krause and B. Leighton, unpublished work).
Conclusions and perspective
Muscle metabolism and the regulation of glycolysis during exercise is more complex than envisaged some years ago. Exercise metabolism appears to be co-ordinated and integrated by signals that originate in the nervous system, in addition to the motoneuronal signals that control contraction and relaxation. T o fully appreciate the mechanisms involved in the integration of muscle metabolism, carefully devised experiments are required. Work on isolated muscles, cells or molecules has greatly furthered our understanding of muscle metabolism, but this must be complemented by studies using intact animals with as little experimental interference as possible. Some species are more amenable to such experiments because they are easy to handle or have evolved physiological properties in a conspicuous way. This approach will do justice both to the biological diversity of forms and functions as well as to unveiling mechanisms that are not easily accessible in common laboratory systems [3, 14, 15, 42] . Thus comparative research may help to answer the intriguing question of whether the different responses to exercise of the F2,6P2 system in rested 269 and pre-exercised muscles are unique to the frog or occur in other vertebrates as well, possibly even in humans.
